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INTRODUCTION 


Infiltrating  peripheral  nerve  sheath  tumors  (PNST)  are  associated  with  significant 
neurological  deficits  and  defy  surgical  removal  without  incurring  further  nerve  damage. 
PNSTs  often  cause  progressive  demyelination,  Schwann  cell  displacement  and  variable  loss 
of  supporting  cells  and  axons  within  the  tumor.  An  initial  objective  of  this  project  is  to 
determine  how  tumor  progression  leads  to  loss  of  nerve  function.  A  second  objective  is  to 
determine  if  nerve  damage  caused  by  infiltrating  PNST  is  reversible  and  the  potential  for 
nerve  regeneration  after  PNST  eradication.  Our  studies  will  test  the  hypothesis  that  tumor- 
induced  nerve  damage  and  loss  of  neurological  function  is  reversible.  We  will  determine 
the  potential  for  both  spontaneous  and  experimentally  induced  nerve  regeneration  after 
tumor  eradication.  Photodynamic  therapy  (PDT)  is  a  promising  modality  for  the 
eradication  of  PNSTs.  Our  preliminary  studies  indicate  that  PDT  effectively  kills  human 
NFl  tumor  xenografts  growing  in  mouse  nerve.  However,  we  found  that  highly  tumoricidal 
PDT  protocols  targeted  at  normal  nerves  can  cause  significant  nerve  damage.  Our 
preliminary  studies  show  the  neurological  deficits  incurred  by  PDT  are  transient  and 
recovery  of  function  occurs  naturally  in  mice.  We  will  test  the  hypothesis  that  PDT  applied 
to  infiltrating  PNSTs  can  be  highly  tumoricidal  without  substantial  permanent  collateral 
damage  to  normal  nerve. 

BODY 

OBIECTIVE  1:  Determine  the  regenerative  potential  of  nerves  damaged  by  peripheral  nerve 
sheath  tumors. 

Task  1:  Examine  PNST-induced  damage  to  nerve:  [months  1-6]. 

PROGRESS 

Task  1  was  completed  (see  Progress  Report  for  Yl). 

Task  2:  Evaluate  nerve  regeneration  after  immunorejection  of  PNST:  [months  3-12] 
PROGRESS 

Task  2  was  completed  (see  Progress  Report  for  Yl). 


OBIECTIVE  2:  Determine  the  mechanisms  and  pharmacodynamics  of  PDT  induced  nerve 
damage. 

Task  1:  Test  various  drug-light  intervals  in  PDT  applied  to  normal  nerve  and  evaluate 
nerve  damage:  [months  12-16] 

PROGRESS 

PDT  is  a  binary  treatment  modality  that  involves  systemic  administration  of  a 
photosensitizer  agent  followed  by  activation  of  the  agent  by  focal  irradiation  with  light. 
The  photosensitizer-light  interval  is  an  important  determinant  of  photosensitizer 
distribution  and  therefore  potential  phototoxicity  required  for  tumor  cell  death.  After 
systemic  injection  the  agent  will  rapidly  accumulate  in  vascular  elements.  Therefore,  a 
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short  drug-light  interval  is  particularly  effective  at  disruption  of  tumor  vasculature  (and 
normal  tissue  vasculature  as  well).  Longer  drug-light  intervals  allow  clearing  of  the  agent 
from  the  endothelium  and  pronounced  accumulation  in  tumor  and  normal  cells.  Both 
mechanisms  (disruption  of  tumor  vasculature  with  ensuing  anoxia  and  direct  cellular 
phototoxicity)  achieve  dramatic  tumor  regression.  Various  photosensitizer-light  intervals 
were  tested  for  PDT  applied  to  normal  nerves  in  mice.  Three  days  after  PDT  equivalent 
loss  of  nerve  function  was  observed  for  all  intervals  tested  (Table  1).  Histology  of  the 
treated  nerves  revealed  vascular  damage,  hemorrhage  and  blood  flow  stasis  in  larger 
vessels  around  the  nerve  and  capillaries  within  the  nerve  (Fig.  1).  These  results  indicate 
that  in  the  mouse  sciatic  nerve  LSll  levels  remained  cytotoxic  (after  light  activation)  in  the 
blood  and/or  vascular  elements  1  hour  after  injection  and  for  at  least  6  hours  thereafter,  in 
addition,  for  all  drug-light  intervals  cell  death  was  evident  throughout  the  nerve  segment 
exposed  to  PDT  (Fig.  2).  This  indicates  that  LSll  rapidly  permeated  the  nerve  and  was 
taken  up  by  supportive  cells  (Schwann  cells,  fibroblasts,  etc.)  around  the  nerve  fibers.  PDT 
applied  to  the  nerve  resulted  in  focal  damage  to  nerve  fibers  and  supportive  cells,  however, 
as  expected,  the  neurons  themselves  (e.g.,  dorsal  root  ganglia)  remained  viable  and 
therefore  capable  of  regrowing  axons  back  through  the  nerve  tissue  exposed  to  PDT  (see 
Progress  Report  for  Yl).  Drug-light  intervals  of  one  to  six  hours  are  the  therapeutic 
window  in  cancer  treatments.  These  results  indicate  that  when  using  a  highly  tumoricidal 
dose  of  LSll  the  drug-light  interval  is  not  a  parameter  for  minimizing  collateral  nerve 
damage  with  PDT.  Future  work  will  determine  if  this  remains  true  with  lower,  but  still 
tumoricidal,  doses  of  LSll. 

Task  2:  Test  various  drug-light  intervals  in  PDT  applied  to  normal  nerve  and  evaluate 
nerve  regeneration:  [months  14-20] 

PROGRESS 

As  stated  above,  after  PDT  there  was  a  rapid  and  complete  loss  of  sensory  and  motor 
functions  mediated  by  the  sciatic  nerve.  However,  preliminary  studies  show  that  the  loss  of 
function  was  transient  and  that  the  damaged  nerves  regenerated  naturally.  This  aim  will 
test  if  recovery  of  function  and  nerve  regeneration  is  better  or  worse  with  different  drug- 
light  intervals.  A  second  set  of  mice  was  treated  with  various  LSll  PDT  drug-light 
intervals.  As  above,  all  showed  immediate  loss  of  sciatic  nerve  function.  Function  testing 
over  a  12-week  recovery  period  and  data  analyses  is  underway,  but  not  yet  complete. 
Observations  thus  far  suggest  recovery  of  function  occurs  after  PDT  with  various  drug-light 
intervals.  Further  testing  and  quantitation  is  required  to  determine  if  there  are  differences 
in  the  level  of  function  recovery  achieved  in  the  different  PDT  conditions. 

OBjECTiVE  3:  Determine  the  tumoricidal  effects  of  LSll-PDT  applied  to  intraneural  tumor 
xenografts. 


PROGRESS 


This  Aim  will  determine  the  parameters  for  an  effective  PDT  applied  to  infiltrating, 
intraneural  PNST  xenografts.  Various  drug-light  intervals  in  LSll-PDT  will  be  tested  on 
PNST  xenografts.  Three  days  after  PDT,  mice  will  be  terminated  and  tumors  examined  for 


2 


extent  and  distribution  of  cell  death  by  TUNEL  staining.  The  goal  of  these  tests  is  to 
determine  the  extent  and  distribution  of  tumor  and  normal  neural  cell  death. 

An  important  variable  in  these  studies  is  the  extent  of  tumor  growth,  that  is, 
whether  the  tumor  partially  or  completely  occupies  the  nerve  (and  destroys  it).  We  have 
established  methods  to  monitor  tumor  growth  and  nerve  destruction  along  with  protocols 
to  achieve  tumor  growth  that  replicates  early  and  advanced  disease  (see  Progress  Report 
for  Yl,  Figs.  1  and  2).  Numerous  experiments  were  performed  to  determine  the  tumor  kill 
with  LSll-PDT  applied  to  intraneural  tumor  xenografts.  Our  PDT  is  applied  to  tumors 
using  the  photosensitizer  LSll  at  5  mg/kg  and  photoactivation  by  LED  irradiation  (664nm 
wavelength;  200  Joules/cm).  Drug-light  intervals  of  0.5  to  6  hours  will  be  tested.  Thus  far 
we  have  performed  PDT  using  a  1-hour  interval  on  tumors  at  various  stages  of  progression. 
At  6  weeks  after  tumor  initiation  we  found  tumor  cells  partial  occupy  nerve  and  observed 
the  onset  of  nerve  destruction  by  invading  tumor  (Fig.  3A).  Tumors  at  this  stage  cause 
minor  functional  deficit  of  the  nerve.  PDT  applied  to  6-week  tumors  (that  partially  occupy 
the  nerve)  resulted  in  quantitatively  complete  tumor  cell  death  (Fig.  3B). 

At  8  weeks  or  more  after  initiation  tumors  fully  occupy  the  nerve  around  the  site  of 
injection  and  greatly  expand  the  tissue  structure.  These  tumors  destroy  and  appear  to 
consume  ah  nerve  elements  resulting  in  a  complete  loss  of  nerve  continuity  and  function 
(Fig.  4A).  PDT  applied  to  >8-week  tumors  (that  fully  occupy  the  nerve)  resulted  in 
quantitatively  complete  tumor  cell  death  (Fig.  4B).  Taken  together,  these  findings  indicate 
that  LSll-PDT  is  fully  effective  in  eradicating  nerve  tumors  at  various  stages  of 
progression. 
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OBIECTIVES  FOR  THE  NEXT  YEAR 


No  changes  in  the  Objectives  are  anticipated  in  the  third  year  of  this  project. 

OBIECTIVE  3:  Determine  the  tumoricidal  effects  of  LSll-PDT  applied  to  intraneural  tumor 
xenografts. 

Task  1:  Test  various  drug-light  intervals  in  PDT  applied  to  xenograft  tumors 
and  evaluate  tumor  kill:  [months  20-24]. 

Task  2:  Determine  the  most  tumoricidal  mode  of  PDT,  vascular  versus  cell 
targeting:  [months  20-26]. 

OBIECTIVE  4:  Determine  the  regenerative  potential  of  nerves  after  tumoricidal  PDT 
treatment. 

Task  1:  Evaluate  long-term  regression  of  nerve  sheath  tumor  xenografts  after 
PDT:  [months  26-36]. 

Task  2:  Evaluate  long-term  effects  of  tumoricidal  PDT  on  nerve  regeneration 
and  recovery  of  function:  [months  26-36]. 

KEY  RESEARCH  ACCOMPLISHMENTS 

1.  Determined  that  when  using  a  highly  tumoricidal  dose  of  LSll  the  drug-light 
interval  is  not  a  parameter  for  minimizing  collateral  nerve  damage  with  PDT. 

2.  Observed  recovery  of  function  occurs  after  PDT  with  various  drug-light  intervals. 

3.  Determined  that  LSll-PDT  is  fully  effective  in  eradicating  nerve  tumors  at  various 
stages  of  progression. 


REPORTABLE  OUTCOMES 

1.  Animal  model  for  application  of  LSll-PDT  for  eradication  of  nerve  tumors 

2.  Graduate  student  J.  Graham  awarded  fellowship  from  Clinical  and  Translational 
Science  Institute. 

3.  Submitted  grant  application  to  the  Florida  Biomedical  Research  Program  in  Cancer 
based  on  work  supported  by  this  award. 


CONCLUSIONS 

Our  work  tested  that  hypothesis  that  tumor-induced  nerve  damage  and  loss  of  neurological 
function  is  reversible.  Findings  indicate  that  this  is  true  only  in  the  formative  stages  of 
tumor  growth  associated  with  low-level  functional  deficits.  Tumor  progression  leads  to 
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increasing  and  permanent  loss  of  nerve  function.  Function  deficits  persist  even  after  tumor 
eradication.  Results  indicate  that  the  tumor  destroys  the  nerve,  ablates  supporting  cells 
and  replaces  nerve  structure  with  an  impenetrable  fibrotic  mass.  We  found  that  the 
neurons  remain  viable  but  fail  to  regrow  axons  into  the  fibrotic  mass  (even  when  devoid  of 
tumor  cells).  This  has  several  implications  for  managing  PNST.  Most  often  the  treatment  of 
PNST  involves  a  "wait  and  see  approach"  when  symptoms  are  minor  and  there  is  little  loss 
of  function.  This  approach  is  contraindicated  by  our  findings.  More  disturbing  is  that 
substantial  tumor  damage  to  nerve  may  not  be  reversible  even  after  effective  tumor 
eradication.  The  main  conclusion  of  our  findings  is  that  eradication  of  well-established 
tumors  does  not  induce  or  support  nerve  regeneration. 

LSll-PDT  causes  immediate  nerve  damage  and  loss  of  function.  This  outcome 
occurs  at  various  drug-light  intervals  (1  to  6  hours).  These  results  indicate  that  when  using 
a  highly  tumoricidal  doseofLSllthe  drug-light  interval  is  not  a  parameter  for  minimizing 
collateral  nerve  damage  with  PDT.  However,  initial  results  suggest  that  at  various  drug- 
light  intervals  PDT-induced  nerve  damage  is  reversible  and  recovery  of  function  will  occur 
without  surgical  intervention. 

LSll-PDT  effectively  eradicates  PNST  xenografts  in  the  mouse  sciatic  nerve. 
Complete  tumor  kill  is  achieved  for  tumors  at  various  stages  of  progression.  Results 
indicate  that  early  stage  tumors  (that  incur  low  to  moderate  nerve  damage)  can  be 
effectively  killed  without  a  good  prognosis  for  recovery  of  nerve  function.  LSll-PDT 
effectively  kills  advanced  stages  of  PNST.  Advanced  PNST  destroys  the  nerve  region  it 
occupies  and  creates  a  significant  loss  of  nerve  continuity.  It  remains  to  be  determined  if 
the  nerve  can  regenerate  axons  and  reinstate  continuity  leading  to  recovery  of  function. 
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SUPPORTING  DATA 


Table  1.  Effects  of  various  drug-light  intervals  on  PDT  induced  nerve  damage. 


Drug-light  interval 

Function  deficit 

Vascular 

disruption 

Axonal 

degeneration 

Supportive 
cell  death 

1  hour 

100% 

complete 

widespread 

widespread 

6  hours 

100% 

complete 

widespread 

widespread 

Fig.  1.  PDT  applied  to  normal  sciatic  nerves  in  mice.  Panels  A-C  show  untreated  nerve 
morphology  and  panels  D-F  show  nerve  treated  with  PDT.  H&E  staining  [A,  D]  revealed 
vascular  disruption,  hemorrhages  and  swelling  after  PDT.  Neurofilament  immunolaheled 
axons  [B,  E]  were  highly  disrupted  by  PDT,  as  indicated  by  the  appearance  of  swollen 
rings  [E,  inset].  Laminin  immunolabeling  for  basement  membranes  [C,  F]  indicated  the 
nerve  sheaths  remained  intact. 


6 


B  .  •  TUNEL 


A 


•  *• 


Fig.  2.  PDT  applied  to  normal  sciatic  nerves  in  mice.  Representative  photomicrographs  of  nerves  treated 
with  PDT  using  drug-light  intervals  of  1  to  6  hours.  [A]  H&E  staining  revealed  vascular  disruption, 
hemorrhages  and  swelling  after  PDT.  Blood  cells  appear  dark  pink  and  nuclei  of  supportive  cells  appear 
blue.  [B]  TUNEL  staining  for  apoptotic  cells  [bright  white]  showed  PDT  at  drug-light  intervals  of  1  to  6 
hours  caused  widespread  death  of  supportive  cells  within  the  nerve. 
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Fig.  3.  Representative  photomicrographs  of  early  stage  tumor  xenografts  in  the  sciatic  nerves  in  mice  after 
LSll-PDT.  [A]  H&E  staining  revealed  tumor  hypercellularity  [cell  nuclei  appear  blue]  vascular  disruption, 
hemorrhages  [hlood  cells  appear  dark  pink]  and  edema  after  PDT.  [B]  TUNEL  staining  for  apoptotic  cells 
[bright  white]  showed  PDT  caused  extensive  death  of  tumor  and  neural  cells  within  the  area  of  treated 
nerve. 
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Fig.  3.  Representative  photomicrographs  of  late  stage  tumor  xenografts  in  the  sciatic  nerves  in  mice  after 
LSll-PDT.  [A]  H&E  staining  revealed  a  large  hypercellular  tumor  mass  [cell  nuclei  appear  blue]  and  the 
absence  of  all  nerve  elements  and  structure.  The  tumor  is  encapsulated  by  fibrotic  tissue  [pink],  [B] 
TUNEL  staining  for  apoptotic  cells  [bright  white]  showed  PDT  caused  extensive  death  of  tumor  cells 
within  the  treated  area. 
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